Sequence specific resonance assignment is the first step in determining the three-dimensional (3D) structure of proteins. Several double and triple-resonance NMR experiments were proposed in this direction for achieving unambiguous assignments. However, these methodologies are non-trivial for proteins with molecular weight beyond 15 kDa. Common problems in this process are spectral overlaps and rapid relaxation rates of the nuclei that result in broad cross peaks. Further, Pro residues, which lack 1 H N , complicate the scenario. This led to identify maximum possible starting points along the polypeptide chain of a given protein to aid in the sequence-specific resonance assignment procedure. In this paper, we propose a fast NMR methodology namely Ile, Thr and Val (ITV) specific (3, 2) D-CB(CACO)NNH, which shows the spectral signatures of the C-terminal sequential neighbors of Ile, Thr and Val residues in highly resolved manner. This aids in the generation of additional starting points along a given polypeptide chain, apart from the known canonical Ala, Gly, Ser and Thr residues, and thus accelerate resonance assignment process significantly. 
Introduction
Advent of labeling schemes to produce 13 C-or/and 15 N-enriched proteins paved the way to determine their 3D structures of medium size proteins (upto a M r = 50 kDa) by 3D triple resonance NMR. In this endeavor, 1 H, 13 C and 15 N sequence-specific resonance assignments remain the first step. Till date, several double-and triple-resonance experiments were proposed to carry out these assignments in isotope-labeled proteins. However, these methodologies are non-trivial for proteins with molecular weights even beyond 15 kDa. Common problems in this process are spectral overlaps and rapid relaxation rates of the nuclei that result in broad spectral signatures. Further, Pro residues, which lack 1 H N , complicate the situation. Hence maximum possible number of starting points is required along the polypeptide chain of a given protein to facilitate the sequence-specific resonance assignment procedure.
It is a well-known fact that, spectral signatures of Ala, Gly, Ser and Thr residues are easily identifiable residues because of their characteristic 13 C α and 13 C β chemical shifts. The 13 C α chemical shifts of Gly resonate around 45.4±1.8 ppm, which is well separated from the 13 C α chemical shifts of the rest of the residues. On the other hand, the 13 C β spins of Ala, Ser and Thr resonate with their characteristic 1086 K Chandra et al. chemical shifts around 19.1±2.7, 63.7±2.4 and 69.6±4.7 ppm [see BioMagResBank (www.bmrb. wisc.edu) ], respectively, thus leading to their unambiguous identification (Atreya et al., 2000; Atreya et al., 2002) . Thus, in principle, four tripleresonance experiments HNCACB, CBCA(CO)NH, HNCO and HN(CA)CO, should suffice for the resonance assignment of 1 H N , 15 N, 13 C α , 13 C β and 13 C' spins (Atreya et al., 2000; Atreya et al., 2002) . However, in practice, the success rate in any automated resonance assignment procedure turns out to be low, primarily because of incomplete spectral signatures or/and spectral overlap. Hence, the quest has been to identify spectral signatures arising from residues other than Ala, Ser, Thr and Gly. Based on the analysis of BMRB data of 9000 odd proteins, the amino acid residues (Ala, Gly, Ser and Thr), which can be easily identified from their respective 13 C α and 13 C β chemical shifts constitute around 30% percent of the total residues and thus can act as various starting points in any manual/automated resonance assignment procedure. With further identification of Ile and Val residues, the percentage of starting points can be pushed upto 37%. Additionaly, new di-and tri-peptide segments are generated, that can be uniquely mapped onto the protein primary sequence. The uniqueness of such mapping increases from 68% to 98% in opting for the identification of tripeptide segments (Supplementary Table S1) (Supplementary  Table S2 ). With this in the backdrop, residue specific labeling (Shi et al., 2004; Volk et al., 2008; Ye et al., 2005) or unlabeling (Atreya & Chary, 2001; Krishnarjuna et al., 2011) procedures were used for selective identification of various residue types. The disadvantage of these methodologies has been the requirement of more than one sample and the associated problem of amino-acid cross-metabolism. To overcome this, residue type selective triple resonance experiments (Dotsch et al., 1996a; Schubert et al., 2001a Schubert et al., , 2001b Schubert et al., , 2001c Schubert et al., 1999) were proposed, requiring only one 13 C/ 15 N doubly labeled sample. For example, selective CBCA(CO)NH pulse sequences were designed to select the C-terminal sequential neighbours of residues without 13 C γ (Ala, Asp, Asn, Cys, Gly and Ser) (Dotsch & Wagner, 1996) and residues which have only one 1 H β attached to 13 C β (Ile, Thr and Val) (Dotsch et al., 1996b) . However, such simplified spectra could not be used for the identification of peaks as belonging to a specific residue type within the selected set of residues. As an extension of this methodology, we proposed an Ala, Asp, Asn, Cys, Gly, and Ser specific (3, 2)D-CB(CACO)NNH pulse sequence , where in the chemical shifts of the underlined nuclei were jointly sampled, to identify the peaks as arising from six amino-acid residues that lack 13 C γ (Ala, Asp, Asn, Cys, Gly and Ser).
In furthering the quest to identify spectral signatures arising from residues other than those mentioned above, we propose here Ile, Thr and Val (ITV) specific (3, 2)-D CB(CACO)NNH pulse sequence, a rapid NMR methodology, that shows the spectral signatures of the C-terminal sequential neighbors of amino acid residues of Ile, Thr and Val, which have single 1 H β attached to 13 C β in a given protein. This experiment is a variation of the TVI-CBCACONH pulse sequence proposed earlier by Wagner and co-workers to edit the Ile, Thr and Val spin systems and it is based on the methodology of G-matrix Fourier transform (GFT) NMR spectroscopy as described below. Fig. 1 shows the proposed radio-frequency (RF) pulse scheme, which we have called it as, ITV specific (3, 2)D-CB(CACO)NNH experiment. As described by Wagner and coworkers, the experiment starts with an INEPT transfer of magnetization from 1 H to their directly bonded 13 C spins, resulting in 13 C coherence, which is anti-phase with respect to its directly attached 1 H. During the following delay δ, this coherence is refocused with respect to proton coupling(s) (2τ 2 in the pulse scheme presented here). After this delay δ, 13 C magnetization evolves into inphase magnetization with respect to the directly attached protons. Ignoring all other couplings, five terms are generated with the following modulation coefficients:
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The first three terms arise from 13 C β spins attached to a lone 1 H β (as in Ile, Thr and Val), two 1 H β protons and three 1 H β protons (as in Ala), respectively. The last two terms arise from 13 C α spins attached to a lone 1 H α and two 1 H α protons (as in Gly), respectively. Thus, setting δ to 1/2 1 J( 13 C β -1 H β ) and manipulating specific delays (τ 2 and τ 3 ) in the pulse sequence, selection of the magnetization arising from the first term alone is possible as the corresponding magnetization is sine modulated. The signals arising from 13 C-1 H pairs of methylene and methyl groups are suppressed by selecting δ as 1/ 2 1 J( 13 C β -1 H β ) and also by employing proton DIPSI decoupling. The variation in the proposed pulse sequence, ITV specific (3, 2)D-CB(CACO)NNH from the earlier one TVI-CBCACONH, arises from the joint sampling of chemical shifts of the underlined nuclei ( 13 C β and 15 N) and hence the 3D spectral information is encoded in the form of a 2D spectrum rapidly. The phase-sensitive joint-sampling of 13 C β and 15 N chemical shifts is achieved by coincrementing their respective chemical-shift evolution periods, with the 13 C β chemical shifts scaled by a tunable factor κ (chosen as 0.5 in the present experiment) relative to 15 N. Two 2D data sets are acquired by altering the phase of the first 13 C α/β pulse (ϕ 1 ) by 90 o . Thus, among the two acquired datasets, Fig. S1 , it is straight forward to distinguish and assign each peak as arising from Ile, Thr and Val and hence in assigning the 15 N/ 1 H chemical shifts of their C-terminal neighbors.
We demonstrate the utility of the proposed ITVspecific (3, 2)D-CB(CACO)NH, by recording the spectra on uniformly 13 C/ 15 N doubly labeled (u-13 C/ 15 N-labeled) Ubiquitin sample (1 mM in concentration) and Ca 2+ -bound form of Hahellin (0.8 mM), which is a putative member of βγ crystallin family, from a marine bacterium Hahella chejuensis (S. Patel, 2014; Srivastava & Chary, 2011; Srivastava et al., 2008 Srivastava et al., , 2010 , an intrinsically unstructured protein in the absence of Ca 2+ and undergoes a drastic conformational change upon Ca 2+ -binding and acquires a typical βγ-crystallin fold (Srivastava & Chary, 2011; Srivastava et al., 2008 Srivastava et al., , 2010 . NMR experiments with both the proteins were performed at 25 o C on a Bruker 800 MHz NMR spectrometer equipped with a cryogenically cooled tripleresonance probe-head and pulse-field gradients. The total measurement times were 1 hr 34 min for Ubiquitin and 2 hr 05 min for Hahellin that included the recording of both the cosine and sine modulated data (Table S3 ). The data were processed using TOPSPIN (Version 2.1) and addition and subtraction were done in the frequency domain.
Peak patterns in ITV specific (3, 2)D-CB(CACO)NNH:
We have simulated the two sub- (Fig. S1 ).
The panels A and B in Figs. 3 and 4 show the additive and subtractive (3, 2)D-CB(CACO)NNH spectra for Ubiquitin and Hahellin (Srivastava & Chary, 2011; Srivastava et al., 2008 Srivastava et al., , 2010 , respectively, of cosine-and sine-modulated subspectral data. Each peak in the spectrum is characterized by the chemical shift information of 13 C β i , 1 H N i+1 and 15 N i+1 . From the information about the 13 C β i thus derived, it is easy to mark each peak as arising specifically from Val, Ile or Thr as mentioned earlier. It is worth mentioning here that the additional peaks that are observed in the spectrum are those arising from Ala residues, though the delay δ is tuned to (1/2) 1 J( 13 C β-1 H β ) , for the selection of the magnetization arising from Ile, Thr and Val residues. The break-through peaks arising from Ala are in phase with those arising from Ile, Thr and Val, because of the cosine-square dependence of their β-carbon (CH 3 group) magnetization. These spectral signatures do not cause any problem in spectral analysis, as they can be readily distinguished from their unique 13 C β chemical shifts and their appearance in a nonoverlapping region of the (3, 2)D-CB(CACO)NNH spectrum as shown in Fig. 3 . During the pulse sequence, the magnetization arising from 13 C α spins are also selected as they are sine modulated with respect to 1 J( 13 C α -1 H α ) and later using a delay, which is almost equal to 1/2 1 J( 13 C α -13 C ' ) (2τ 3 ). However, the optimized value for this delay was found to be 8.8 ms, which is much less than 1/2 1 J( 13 C α -13 C ' ) and this explains as the reason as to why the breakthrough peaks arise from 13 C α nuclei. However, these spectral signatures can be easily distinguished from those arising from Ala, Ile, Thr and Val residues based on their chemical shift values.
It is worth mentioning here that, in principle, one can record a cosine modulated ITV-specific (3, 2)D-CB(CACO)NNH spectrum alone and a 2D [ 15 N-1 H]-HSQC, to derive the information about the chemical shifts of 13 C β and 1 H N / 15 N of all the Ile, Thr and Val residues and their C-terminal neighbors, respectively, present in a given protein. Fig. 3C shows the cosine modulated ITV-specific (3, 2)D-CB(CACO)NNH sub-spectrum of Ubiquitin. For each individual amide-pair {Ω( 1 H i+1 )/Ω( 15 N i+1 )} observed along the ω 1 dimension, two peaks are seen at {Ω( 15 N i+1 ) ± κ*(γ C /γ N )*Ω( 13 C β i -13 C offset )}. Thus, with the implicit knowledge of the 13 C offset , one can derive the information of the Ω( 15 N i+1 )/Ω( 1 H i+1 )for each observed amide-pair and that of Ω( 13 C β i ) belonging to Ala, Ile, Thr and Val residues. The information of 1 H N i+1 and 15 N i+1 chemical shifts thus derived help in an unambiguous identification the Cterminal neighbours of these four residues and hence can be mapped on to the 2D [ 15 N-1 H]-HSQC as shown in the supplementary Figs. S2A (for Ubiquitin) and S2B (for Hahellin), respectively.
Additionally, the ITV-specific (3, 2)D-CB(CACO)NNH experiment described here has added advantage of substantially reduced acquisition time and flexible scaling factor to resolve overlap problems (if any) by increasing the dispersion of peaks and thus facilitating a fairly high spectral resolution, which is depicted in the supplementary Fig. S3 . Further, the proposed ITV-specific (3, 2)D-CB(CACO)NNH experiment has several other advantages, which is characteristic of GFT-NMR Atreya & Szyperski, 2004 Barnwal et al., 2007; Kim & Szyperski, 2003; Rout et al., 2010) or RD-NMR (Atreya & Szyperski, 2005; Chandra et al., 2012) . For example, for Ubiquitin both cosine-and sine-modulated ITV-specific (3, 2)D-CB(CACO)NNH experiments were recorded with a resolution of 67.5 Hz/pt along the shared ( 15 N/ 13 C) dimension, which is spread over 200 ppm. With the 
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number of scans set to 12 for each experiment, the total experimental time was 1 hr 34 min. For Hahellin, both cosine-and sine-modulated ITV-specific (3, 2)D-CB(CACO)NNH experiments were recorded with a number of scans set to 16 and the total experimental time was 2 hr 5 min. In comparison, to record a normal 3D-CB(CACO)NNH with 40.5 Hz/pt resolution along 15 N-dimension (acquisition time 12.3 ms) and 67.3 Hz/pt resolution along 13 C-dimension (acquisition time 7.4 ms) one needs a minimum of 14 hr of experimental time even for a two scan experiment. The fact that the overall experimental time is substantially reduced in a GFT experiment, we chose the number of scans as 12/16 to compensate the sensitivity issue, which resulted in an excellent average S/N ratio of 21 for Ubiquitin and 19 for Hahellin. Supplementary Figs. S4A and 4B show the histogram of the observed S/N ratio as a function of percentage of residues of Ubiquitin and Hahellin, respectively. Thus, the present dataset can be recorded with even less number of scans to further reduce the experimental time, and still get all the expected spectral information. This method can be combined with TROSY approach (Salzmann et al., 1998 (Salzmann et al., , 1999 Yang & Kay, 1999) for application to large systems (> 30 kDa) to overcome the line-broadening problems. Adoption of methods like longitudinal relaxation optimized technique and non-uniform sampling for fast data collection Kazimierczuk et al., 2012) can easily be employed in the present case, which can further reduce the experimental time by an order of magnitude. Since the data is acquired in the form of a 2D spectrum, high spectral/digital resolution can still be achieved easily without spending much instrument time. Most importantly, there is no need to collect TVI-selective 3D-CBCA(CO)NH to retrieve the information about the corresponding Cterminal amide pairs.
Thus, we could demonstrate the utility of the proposed experiment on u-13 C/ 15 N-labeled Ubiquitin and Hahellin samples and identify the chemical shifts of all the 13 C β spins belonging to Ala, Ile, Thr and Val and correlate them with their 15 N/ 1 H pair belonging to their C-terminal neighbors. This experiment can aid in and accelerate resonance assignment process and increase the precision of assignment in automated assignment strategies like TATAPRO (Atreya et al., 2002; Atreya et al., 2000) , as it will help in the generation of additional reference points apart from the known conventional ones, namely Ala, Gly, Ser and Thr residues. 
